Introduction
Improvements in resuscitation and surgery and the development of sophisticated intensive care units have reduced the mortality after most forms of major trauma. Unfortunately similar advancement in the management of head injuries has not been evident. In these there is direct damage to cerebral tissue, with swelling of ischaemic cells and the production of some degree of cerebral oedema. Oedema reduces the blood and oxygen supply to damaged cells, the resulting ischaemia promoting further oedema which may raise the intracranial pressure to a level which impairs vital functions and leads to death. The aim of treatment is to reduce intracranial pressure, chiefly by control of cerebral oedema.
The problem of raised intracranial pressure has been approached in various ways. Cushing (1918) incised the tentorium to reduce the effect of uncal herniation. Ransahoff et al. (1971) performed extensive craniotomies to give the swollen brain room for expansion. Osmotic diuretics (Fay, 1923) have been advocated as a method of reducing brain bulk, and Sedzimir et al. (1955) used hypothermia in an effort to reduce the brain's metabolism. Galicich and French (1961) used corticosteroids in an effort to stabilize damaged cell membranes.
There is little evidence that these methods are successful in the management of widespread brain damage.
In 1936 Wolff noted the relation between the arterial carbon dioxide tension and cerebral blood flow, and Furness in 1957
showed that during intracranial procedures a reduction in arterial carbon dioxide tension by hyperventilation improved operating conditions. Later Lundburg et al. (1959) and Lassen (1966) extended the idea to patients with cerebral oedema and raised intracranial pressure resulting from head injuries. Gordon (1971) and have shown a decreasing morbidity and mortality with this technique. Hyperventilation of patients with head injuries was introduced in the Royal Victoria Hospital, Belfast, in late 1970, and in an effort to assess its effects objectively certain criteria were studied. This communication indicates the value of continuous monitoring of intracranial pressure and cerebral blood flow by radiocirculography and of hyperventilation therapy in certain cases. Cerebrospinal fluid (C.S.F.) lactate levels may also be of value in assessing prognosis and the effect of hyperventilation on intracranial metabolism.
A number of pathophysiological changes can be controlled by mechanical ventilation. Denny-Brown and Russell (1941) noted the loss of protective laryngeal reflexes when concussion occurred. Brackett (1971) showed generalized patchy areas of atelectasis which could be due to the accumulation of bronchial secretions or aspiration of stomach contents into the lungs. It is not difficult to appreciate how this may compromise a relatively minor head injury ( fig. 1 ). Other forms of lung damage which may produce ventilation perfusion inequality include direct chest injury, blast or fume damage, fat embolism syndrome, oxygen toxicity, and fluid overload. Shallow, spontaneous hyperventilation is common in patients with severe head injuries, resulting in reduction of partial pressures of carbon dioxide and oxygen in arterial blood. Froman (1968) and Brown (1971) showed impaired ventilation perfusion ratios with in-MIG. 1-Case of minor head injury. Level of consciousness proved rapidly after attention to collapsed right lower Ic X-ray views before (top) and after (bottom) physiotherapyendotracheal toilet.
creased respiratory activity producing low Pco2 levels without improvement in Po2. In addition inefficient spontaneous respiratory effort results in increased oxygen consumption of up to 15% without any definite benefit to the patient (Bendixen et al., 1965) . Controlled ventilation should alleviate the respiratory disturbances produced by any of these mechanisms. Acute brain injury not only abolishes neuronal function but also causes tissue acidosis, oedema, and often a state of vasomotor paralysis. In undamaged areas the blood vessels can alter their calibre in response to changes in blood pressure and Pco,.
Blood vessels in and around a damaged area of brain, however, are maximally dilated owing to local conditions and cannot respond to other stimuli. The capacitance vessels dilate and there is an increase in intracranial blood volume (Smith et al., 1969) . As this occurs in a closed cavity it follows that minor variations in intracranial volume will result in large changes in intracranial pressure (Langfitt et al., 1966) . It is not uncommon to see a patient with a closed head injury deteriorate rapidly and fatally after a bout of coughing or mild respiratory obstruction. Hunter (1960) drew attention to the importance of increased abdominal muscle tone as a factor in raising central venous pressure in unconscious patients and stressed the value of muscle relaxants and controlled ventilation in reducing intracranial pressure during neurosurgical procedures. Brown (1959) and Schettini et al. (1967) attributed the reduced intracranial pressure, in part at least, to the improved venous return, reduction of central venous pressure, and a syphoning of blood from the intracranial vessels. In addition the hypocapnia produced by mechanical ventilation will cause undamaged vessels to constrict, reducing the intracranial blood volume further and allowing the intracranial pressure to fall. Such an effect was noted in our case 1 (see table I, fig. 2 ).
The loss of autoregulation in damaged areas of the brain is well documented. Penfield (1937) described "red veins" around an epileptic focus, and Symon (1969) reproduced the effect in experimental animals. Lassen (1966) (Jennett et al., 1969) . Oral alkalis were used routinely in an effort to reduce gastric hyperacidity with possible peptic ulceration (Clark et al., 1970) . Dexamethasone was also used (10 mg intravenously initially; maintenance dosage 4 mg fourhourly) for its possible cell membrane stabilizing effect in damaged brain and also to reduce the exudative pulmonary response to aspirated gastric contents. Broad-spectrum antibiotics such as ampicillin were administered when this latter complication was suspected. Care was taken not to give excessive intravenous fluids and restriction was placed on salt intake (Gett et al., 1971) . Parenteral nutrition was instituted at an early stage (Irving and Rushman, 1971) . After 48 hours the patient was "decurarized" and the neurological state reassessed.
If it was considered that a further period of hyperventilation would benefit the patient, or unconsciousness was likely to be prolonged, an elective tracheostomy was performed. The patients' condition was reassessed at 24-48-hour intervals. (1962) radiocirculography has the advantage of being atraumatic and easily repeatable up to six times in 24 hours; in addition the equipment is fully mobile. The test can be carried out even in the casualty resuscitation area.
C.S.F. Biochemistry.-C.S.F. biochemical changes were measured, paying particular attention to pH and lactate levels. C.S.F. was obtained by lumbar puncture after any danger from intracranial mass lesions had been excluded, and pH and gas levels were measured by Gordon and Rossanda's (1968) modification of Astrup's method as applied to C.S.F. Lactate and pyruvate were estimated by the enzymatic method of Gloster (1964) . Full details of results in a larger series of head injuries have been published elsewhere (Crockard and Taylor, 1972) .
Results
Altogether 31 patients were studied, 14 with head injuries due to road-traffic accidents (table I) and 17 with gunshot wounds of the brain (table II) . Only the victims of road-traffic accidents are considered here. (Further data on the patients with gunshot wounds will be given elsewhere (Crockard, 1973) ; broadly, however, these showed a similar response to treatment as those described here.)
All the patients admitted after road-traffic accidents had operations. Two There were two basic patterns of response to treatment in survivors. In three there was a rapid reduction of intracranial pressure within a few minutes of ventilation, which was easily reversed by allowing the patient to breathe spontaneously again ( fig. 2 ) in the early post-injury period. Initially in two others there was no response to ventilation, and it was 8 and 28 hours respectively before the pressure fell. In both patients the reduction, when it occurred, was rapid ( fig. 3) o_ . 
RADIOCIRCULOGRAPHY
Eleven patients had serial radiocirculograms taken before, during, and after the period of hyperventilation. Four of the six survivors showed a decrease in transit time, in one it was unaltered, and the sixth showed a slight increase. In two with some degree of airway obstruction before treatment the transit time shortened rapidly after ventilation and remained so after decurarization (fig. 4) (cases 6, 7, and 8) showed a steady increase until in two (cases 7 and 8) there was no discernible curve after isotope injection ( fig. 5 ). The other patient (case 6) showed a sudden alteration of the "head" curves, so that they became identical in shape with the "cardiac" curve ( fig. 6) It is all too easy to resuscitate a patient with a poor prognosis, to institute an indefinite period of controlled ventilation, and to produce, at best, a person capable of only a vegetative type of existence. It was our hope that certain objective criteria would help in establishing an early prognosis and also in assessing objectively the effect of ventilation.
In general we agree with Vapalahti and Troupp (1971) -"it would seem futile to attempt extensive therapy for a brain injury in a patient over 20 years of age who has Cheyne-Stokes breathing, hyperthermia, severe respiratory alkalosis and extensor rigidity-provided, of course, that these are due to brain injury and not to concomitant injuries or inadequate first aid." Unfortunately, however, it is fairly common to see patients fulfilling the above criteria who have not had adequate resuscitation, correction of acid-base imbalance, clearance of the airway, and, if necessary, re-expansion of atelectatic alveoli. It is our practice to insert an oral endotracheal tube in such patients and to control ventilation initially. If this produces a change in their clinical state with reactive pupils then mechanical hyperventilation is considered.
There will always be patients who present problems. Two of our patients (cases 5 and 8) who did not respond to treatment had low C.S.F. lactate levels, and at necropsy primary brainstem damage was found. Broadly the clinical assessment carried out after 48 hours will help in deciding whether further treatment is likely to be of value. It is unlikely to be in adults if the clinical condition has deteriorated with decerebrate rigidity. Generally, however, patients who have a poor prognosis will show signs of deterioration such as dilated pupils and systemic and intracranial hypertension within 48 hours, and the decision to discontinue ventilation is made easier. This is in agreement with experience.
If it is thought that further clinical improvement may occur then ventilation is continued. The most striking clinical improvement was seen in those patients who required the shortest period of ventilation. The patient (case 10) who had the longest, and ultimately survived, had the greatest neurological deficit.
Monitoring of intracranial pressure was the most valuable of all the procedures for assessing prognosis and treatment. In all survivors there was a fall-in three this occurred rapidly after hyperventilation, while in two the reduction was delayed for 12 to 24 hours. The latter was explained on the basis of the experimental work of Langfitt et al. (1966) and confirms the findings of Paul et al. (1972) . When brain swelling occurs after injury C.S.F. must leave the cranial compartment to allow for expansion. A moderate increase in volume at this stage will produce a very large increase in pressure. The converse is also true, hence reducing intracranial volume by a small amount will produce a sudden and marked drop in pressure. If the process causing oedema is allowed to progress further perfusion will be impaired and ischaemia will increase-a vicious circle; and systemic hypertension will be required to maintain a perfusion pressure. Ventilation at this stage will produce a change only when enough injured cells have recovered and can respond. This was assumed to be the condition of the other two survivors.
If the vicious circle continues there will be complete vasomotor paralysis and the treatment will not benefit the patient. This was the response in three of the fatal cases, where the patients showed a gradual increase in pressure until compensatory mechanisms failed. At that stage the intracranial pressure and the blood pressure fell and the pupils became unresponsive to light. Death soon followed. Thus if there is no reduction in pressure within a reasonable time the prognosis appears to be poor.
In the patients who survived there was an improvement in cerebral blood flow as judged by radiocirculography. Case 4 ( fig. 5 ) showed a great decrease in transit time with hyperventilation, and three others showed a less marked reduction. This was interpreted as an improvement in cerebral blood flow. That two other survivors did not show the same changes may be due to other factors. Since the method depends on an intravenous injection any circulatory derangement would prolong the bolus and interfere with cerebral transit time. On the other hand, the lack of appreciable change may be due to intracranial factors, as and Bruce et al. (1972) have shown that there can be marked fluctuations in flow and vascular reactivity in the immediate post-injury period.
Of more significance prognostically were the radiocirculogram curves obtained from the patients who died. All showed an increase in transit time and in three out of five in this group a characteristically flat curve was obtained. Riishede and Ethelberg (1953) described non-filling of the intracranial vessels during angiography in fatal cases with raised intracranial pressure, and it is assumed that the flat curves on the radiocirculograms obtained from our patients were a manifestation of the same phenomenon.
The similar shape of the cardiac and head curves obtained in case 6 ( fig. 7 ) was interpreted as evidence of complete loss of cerebrovascular control, and the lack of change with hypercapnia was taken as supportive evidence of vasoparalysis.
In a series of 38 head injuries (Crockard and Taylor, 1972) C.S.F. lactate levels were shown to correlate well with prognosis; only one patient survived with a level above 55 mg/ 100 ml, and all recovered with levels below 25 mg/100 ml. J'ournal, 1973, 4, 640-643 Summary The relationship of plasma calcium levels to changes in plasma specific gravity, total protein, and albumin induced by venous stasis was investigated. Factors were derived for adjusting calcium results to offset the effects of variation in protein concentration and thus to make them of increased discriminatory value to the clinician. The validity of an existing specific gravity correction has been substantiated, but a more exact adjustment of 0-23 mg/100 ml of calcium for every 0-001 change in specific gravity is proposed. We recommend for automated laboratories that the factor based on albumin be used: 009 mg/100 ml of calcium should be subtracted from the total calcium value for every increase of 01 g in albumin above 4 6 g/100 ml, and a corresponding addition should be made for values of albumin below 4-6 g/100 ml.
Using a calcium specific electrode, it has been shown that the ionized calcium concentration does not alter with prolonged venous stasis.
Introduction Calcium is present in three forms in the plasma-ionized, complexed, and protein-bound. The physiologically important fraction is the ionized calcium, but hitherto its measurement has been difficult and impracticable for a routine laboratory. Total plasma calcium is easier to determine but may not give a true index of the ionized component, because the protein-bound calcium varies independently and to a greater extent. Normally between 30% and 50% of the calcium is protein-bound (Toribara et al., 1957; Loken et al., 1960) , depending on the method of determination. This proportion varies when serum protein concentration is altered as a result of disease (Prasad and Flink, 1958) , change in posture (Pedersen, 1972) , or prolonged venous occlusion (Philpot, 1958) . At University College Hospital we have for some years used a factor based on plasma specific gravity to correct for protein variation (Philpot, 1958; Dent, 1962) . The original work on which this correction was based was derived from relatively few patients, however, and has not been Specific gravity varies mainly with total protein concentration but is also influenced by abnormally high sugar, urea, and lipid levels. The usual manual technique employed for its measurement is not very sensitive because a change of one unit in the third decimal place corresponds to a change in total protein of between 0-3 and 0 4 g/100 ml (Varley, 1967) . This compares unfavourably with the precision of analyses achieved by automated procedures for the determination of serum total protein and albumin, which can be measured to within 0-1 g/100 ml.
There is a linear relation between total calcium and total protein (Gutman and Gutman, 1937; van Leeuwen et al., 1961) and between total calcium and albumin (Moore, 1971) . It follows that there must be a similar linear relation with specific gravity. We have tried here to derive and compare factors for correcting calcium results based on specific gravity, total protein, and albumin measurements.
Methods
Blood was taken from 25 healthy male doctors and medical students, aged between 21 and 35, both before and after venous stasis. The venous return was obstructed for 15 minutes by applying a sphygmomanometer cuff to the arm and maintaining a pressure of 90 mm Hg. Heparinized plasma was separated within five minutes for calcium and specific gravity estimations. Total protein and albumin were determined on serum samples. Total calcium was measured by an E.G.T.A. (1, 2-Bis-2-aminotheoxyethane-NNN'N'-tetra-acetic acid) Zincon method (Halse, 1967 ) with a within-batch coefficient ofvariation of 1-6 %. Specific gravity was measured by the copper sulphate method (Phillips et al., 1950) . Total protein was determined by a modified biuret reaction,* with a coefficient of variation of 1-2 %. Albumin was measured by a method using bromcresol green (Northam et al., 1967) with modifications to sample volume and buffer concentrations and with a coefficient of variation of 2-0 %. For the last two procedures purified human albumin (Behringwerke) was used for preparing the standards. In seven of the subjects ionized calcium was also measured with a calcium specific electrode (Orion calcium-selective, flow-through electrode, model 98/20) with a coefficient of variation of 2-8 %. For each subject both the specimens taken before and those taken after venous stasis were analysed in the same batch.
Methods of Statistical Analysis and Results
The change in total calcium with change in specific gravity, total protein, and albumin concentration induced by venous stasis is shown by a series of lines in figs. 1, 2, and 3. The data were analysed assuming there was a series of parallel lines which described each subject's change in calcium concentration with *Technicon AutoAnalyzer II, Methodology 
